Figure 1. Schematic Representation of Proteins Containing the S1 Domain
The S1 domain is indicated by a closed box. Other functional domains are indicated: KH: KH RNA-binding domain; RNA Helicase: DEAH box RNA helicase domain. S1 domains that have previously been reported are S1: the S1 Protein (Subramanian, 1983) ; PNPase: Polynucleotide phosphorylase (Regnier et al., 1987) ; PRP22: RNA helicase-like protein (Company et al., 1991) ; IF1: Bacterial and chloroplast translation initiation factor 1; eIF2a: Eukaryotic translation initiation factor eIF2␣ (Gribskov, 1992) ; K3L: virus encoded eIF2␣ kinase inhibitor (Beattie et al., 1991 , although only similarity to eIF2␣ was reported without an explict reference to S1 domain); RPO E: DNA-dependent RNA polymerase subunit E (Langer et al., 1994) ; and Tex: bacterial tex (toxin expression) gene product (Fuchs et al., 1996) . S1 domains identified in this paper are: S57596: yeast protein of unknown function with C. elegans and human homologs; RNase II: RNase II exonuclease (Zilhao et al., 1993) , family which also contains VacB, a virulence factor (Tobe et al., 1992) ; RNase E: RNase E endonuclease (Cormack et al., 1993) ; NusA: NusA general transcription factor, and EMB-5: C. elegans EMB-5 protein (Hubbard et al., 1996) . Note that the number of S1 domain-repeats varies between species for both the S1 protein and S57596 families.
the structures superimposed in Figure 2a . A fragment non-glycine residues. Gly-11, which is in the middle of corresponding to residues 617 to 700 of PNPase was strand 1, Gly-20, which is in the hairpin turn between used for NMR analysis, and residues 619 to 691 were strands 1 and 2, and Gly-31, which is at the start of found to be structured, which agrees well with the limits strand 3, are also well conserved. The residues that of the domain judged from the sequence alignment.
form the hydrophobic core of the barrel are generally The S1 domain is folded into a five-stranded antiparalconserved only in type, although aromatic amino acids lel ␤ barrel (Figure 2b ). The ␤ strands are arranged with are absent from the center of the barrel, presumably a Greek key topology in the order 3-2-1-4-5. Strands because it is too small to accommodate them. One posi-3 and 5 are spatially close to each other but there is no tion in the hydrophobic core that is more conserved is evidence of hydrogen bonding between them. Strand 1 Val-13, which is only occasionally replaced by isoleucontains a ␤ bulge at residue 14 that allows it to coil cine. Val-13 is close to the highly conserved Gly-11 and around to form the barrel. Strands 1 and 2 are linked Gly-53 (Figure 2c) , and it appears that there are strong by a hairpin turn and strands 2 and 3 are linked by a constraints on this part of the protein. four-residue loop. The loop connecting strands 3 and 4 is longer (19 residues) and packs onto the top of the mately 230 Å (Subramanian, 1983) . S1 is composed of Root mean squared distribution around the mean coordinate six copies of the S1 domain separated by 10-15 resipositions dues. The distance between the N and C termini of the handed ␣ helix) backbone conformation disallowed for (c) The S1 chain fold showing the highly conserved residues Gly-11, and (c) were prepared using the program Molscript (Kraulis, 1991) . The coordinates have been deposited in the Brookhaven Protein Database, code 1SRO.
Residues on the surface of the domain are more likely barrel (Figure 4 ), and this region is a good candidate for the RNA-binding site. This site is topologically equivato be conserved for functional reasons and can give an indication of the likely RNA-binding region. None of the lent to known or proposed binding sites in the structurally related OB-fold proteins (see below). surface residues are strictly conserved; this may reflect the varied binding specificity of the S1 domain. A number of residues (Phe-19, Phe-22, His-34, Asp-64, and Arg-
The Site of Phosphorylation of eIF2␣ by PKR Lies within the S1 Domain Close 68) that are clustered in the same region of the protein are, however, conserved in many S1 domains. These to the RNA-Binding Site It has previously been reported that the N terminus of residues are located in the turn between strands 1 and 2 (Phe-19), in the middle of strand 2 (Phe-22), at the end eIF2␣ contains an S1 motif (Gribskov, 1992) . This region of eIF2␣ is the target of PKR, an interferon-induced of strand 3 (His-34), and in the turn between the final two strands of the sheet (Asp-64, Arg-68). These residues are dsRNA-dependent protein kinase that regulates protein synthesis in response to viral infection (reviewed in close to one another on the surface of one side of the These sequences are chosen from each protein family known to contain the S1 Domain. Top: six copies of the S1 motif in E. coli ribosomal protein S1 [RS1_ECOLI] are shown aligned to indicate the sequence variation within the protein from which the S1 motif was first defined. Residues conserved in at least 3/6 positions are shaded dark. Center: sequence of the S1 domain of PNPase (the structure determined here) with its ␣ helix (shown as a cylinder) and ␤ strands (shown as arrows) defined by DSSP (Kabsch and Sander, 1983 Figure  1 . Note that EMB-5 contains a 50 residue insertion between strands 1 and 2. For lower 12 sequences dark shading indicates residues that are conserved across the entire alignment in at least 9/18 positions. Light shading indicates hydrophobic residues throughout. Closed triangles indicate 3 conserved structural determinants (small residue in strand 1 , ␤ bulge in strand 1 , and residue in ␣ L conformation at the beginning of strand 4 [Gly-53] see text and Figure 5 ). Closed circles indicate residue positions where side chain faces into the barrel as a result of the adjacent structural determinant. Open triangles indicate residues believed to participate in RNA binding. The site of phosphorylation of eIF2␣ is indicated by the white circle. Alignment generated using the program ALSCRIPT (Barton, 1993) . Clemens, 1994) . eIF2␣ is required for the initiation of strands 3 and 4 of the S1 domain close to the RNAbinding site (Figure 3 ). This suggests that there may translation. It binds to Met-tRNA Met i and assists in the recognition of the start codon by the ribosome. During be some linkage between RNA binding and GDP/GTP exchange in eIF2␣. translation initiation, GTP is hydrolyzed to GDP. The phosphorylation of the N terminus of eIF2␣ inhibits the Vaccinia virus inhibits PKR by producing a protein (K3L) that is homologous to the N-terminal region of recycling of eIF2␣-GDP to eIF2␣-GTP, severely reducing the rate of protein synthesis. Based on the alignment eIF2␣ (Beattie et al., 1991) . As shown in Figure 1 , the K3L protein essentially consists of the S1 domain and of the sequence of eIF2␣ to the structure reported here, the site of phosphorylation is in the loop that connects so presumably it functions by mimicking the S1 domain of eIF2␣.
Similarity to Other Structures
Structures of a number of RNA-binding domains have been determined, and the structure of the S1 domain can be compared with them to look for evolutionary relationships and common RNA-binding motifs. The three-dimensional crystal structure of an RNP domain from U1a protein has been determined free (Nagai et al., 1990 ) and complexed to an RNA hairpin (Oubridge et al., 1994) . The RNP domain has a ␤␣␤␤␣␤ secondary structure, with the main interactions with the RNA coming from residues in the two central ␤ strands. The dsRBD domain has an ␣␤␤␤␣ structure (Bycroft et al., 1995; Kharrat et al., 1995) , and the KH domain has a ␤␣␣␤␤␣ fold (Musco et al., 1996) . The all ␤-strand S1 domain is structurally similar to none of these domains; however, it is closely similar to the bacterial cold shock ative bacteria and also consist of an antiparallel ␤ barrel Stereoview of the superimposed folds of the S1 domain and prokaryotic cold shock protein (Schindelin et al., 1993) . The dark trace is S1 and the light trace is the cold shock protein.
The 310 helix that is conserved in only S1 domain and CSD is shown. Spheres identify the three structural determinant residues for the OB fold (labeled in Figure 3 ): from top to bottom using S1 numbering, these are small residue in strand 1 (Gly-11) , ␤ bulge in strand 1 (Thr-14) and residue in ␣ L conformation at the beginning of strand 4 (Gly-53). Drawn with the program Molscript (Kraulis, 1991) . (Schindelin et al., 1993) . A number of other proteins, conserved small residue (usually glycine, but occasionally alanine) in the first half of the strand and by the most notably the eukaryotic Y-box proteins, contain a domain homologous to the bacterial cold shock proteins conserved ␤ bulge in the second half. The third conserved feature is a residue in ␣ L conformation (usually (Wolffe, 1994) , and this module is referred to as the cold shock domain (CSD). Y-box proteins are known that glycine) at the beginning of strand 4, which is opposite the conserved ␤ bulge in strand 1 (see Figures 3 and bind to both DNA and RNA, and CSD-containing proteins have been shown to bind to dsDNA, ssDNA, and 5). Its ␣L conformation facilitates the turn of protein chain across the barrel end and allows the formation of mainssRNA in vitro.
It is important to determine if the structural similarity chain-mainchain hydrogen bond(s) to the residues in the bulge. None of the three determinants is invariant between the S1 domain and the CSD means that the two proteins are evolutionarily related or if it just represents in all known OB folds, but each of the known structures contains at least one of these features. The S1 fold convergent evolution to a common fold. To distinguish between these possibilities, it is necessary to look for contains all of the three "new" determinants of the OB fold, as do cold shock protein, ribosomal protein S17 particular features that are shared by the two domains. Both the S1 domain and the CSD consist of an antiparal- (Jaishree et al., 1996) , the anticodon-binding domains of aspartyl and lysyl-tRNA synthetases (Cavarelli et al., lel ␤ barrel of an identical topology; however, this fold is shared by many proteins of unrelated function. Origi-1993; Onesti et al., 1995) , the B2 domain of phenylalanyltRNA synthetase (Mosyak et al., 1995) , and, seemingly, nally, the fold was identified in four proteins that bind either oligonucleotides or oligosaccharides, hence its the N-terminal domain of RuvA (Rafferty et al., 1996) . All these proteins bind RNA and/or DNA. The common name, the OB (Oligonucleotide/oligosaccharide Binding) fold (Murzin, 1993) . In the last four years, the number OB fold and the complete set of its structural determinants shared by these proteins, together with their simiof known protein structures containing OB folds has increased dramatically. The Structural Classification of lar general function, strongly suggest a distant evolutionary relationship between these proteins, i.e., that Proteins (SCOP) database counts 28 at present (Murzin et al., 1995) . A majority of new instances of the OB fold they are all members of a single "superfamily," as defined in SCOP (Murzin et al., 1995) . are also found in proteins that bind nucleic acids, e.g., cold shock protein (Schindelin et al., 1993) , T7 DNAThe cold shock protein has the structure most similar to S1, and both have one more feature in common, not ligase (Subramanya et al., 1996) , and RuvA (Rafferty et al., 1996) , as well as carbohydrates, e.g., pertussis toxin found in the other OB-fold proteins: a turn of 3 10 helix at the end of strand 3 (see Figure 5 ). This unique feature (Stein et al., 1994) , whereas others bind protein receptors, e.g., superantigenic toxins (Kim et al., 1994; Jardet- is likely to form a part of the DNA/RNA-binding site in each protein. It suggests that the S1 and cold shock zky et al., 1994) and tissue inhibitor of metalloproteinases-2 (Williamson et al., 1994) , or small molecules, e.g., motifs are most likely to be the closest relatives in this superfamily of OB-fold proteins. inorganic pyrophosphatase (Teplyakov et al., 1994) . Some of the features originally thought to be the strucMany of the OB-fold proteins have been shown to bind their ligands with residues from the same face of tural determinants of the OB fold appear not to be conserved in many of the new members. In particular, the the barrel as the proposed S1 RNA-binding site. The only structure available for this group of proteins bound ␣ helix capping one end of the barrel can be reduced to a single turn or even extended irregular loop.
to nucleic acid is the complex of the N-terminal domain of aspartyl-tRNA synthetase with the anticodon loop of The expanded set of known OB folds allows the refinement of the structural determinants. The most conits cognate tRNA (Cavarelli et al., 1993) . There is a stacking interaction between one of the bases and a conserved features of this fold are in strands 1 and 4 of the ␤ barrel. Strand 1 is in the middle of the ␤ sheet, and served phenylalanine residue, a common theme that is seen in other RNA complexes with ␤-sheet proteins in order to shape this sheet into the barrel it has to be long and strongly coiled. The coiling is promoted by a (Mattaj and Nagai, 1995) . The conservation of aromatic residues in the proposed RNA-binding site for S1 do-1996). The fact that three different RNases that participate in bacterial mRNA turnover all contain the S1 domains suggests that they bind RNA in a similar manner.
Members of the CSD family are known to be able to main suggests that this domain may have some common regulatory role in these enzymes. bind to both DNA and RNA. Although most of the proteins that contain the S1 domain interact with RNA, the The sequence searching also revealed the presence of an S1 domain in prokaryotic NusA protein. NusA is a recently discovered human S1-like protein binds to DNA in preference to RNA in vitro (Eklund et al., 1995) , so it general transcription factor that binds to RNA polymerase and modulates transcription elongation, particularly may be that the S1 domain is also able to bind to a range of nucleic acids. E. coli S1 binds to mRNA via a affecting termination and antitermination. Two mutations known to affect NusA function are located in the region in the C terminus, interacts with ribosomes via the N terminus, and also binds to a number of phage putative S1 domain. Each of them substitutes a hydrophobic residue for a hydrophilic residue inside the proteins (Subramanian, 1983) . Since S1 is composed entirely of S1 domains, this domain must be very adaptbarrel and is likely to destabilize the structure (Ito et al., 1991) . NusA contains two KH domains adjacent to the able and be able to bind a number of different ligands via both protein-RNA and protein-protein interactions. S1 domain (Gibson et al., 1993) , and this region of the protein is probably responsible for the interaction with This varied binding specificity is seen for many OB foldcontaining proteins.
the nascent RNA transcript (Liu and Hanna, 1995) . Finally, an S1 domain was detected in the EMB-5 protein. This domain is split with a 50 amino acid inserOther S1 Domain-Containing Proteins tion between the first two strands of the ␤ sheet. There The finding that the S1 motif codes for a distinct domain is precedence for such an insertion in an OB fold, as that is related to another nucleic acid-binding domain the bacteriophage T4 gene 32 protein (gp32) contains (CSD) prompted us to look for proteins containing S1 a zinc-finger subdomain inserted at this position (Shadomains that had not already been identified using semoo et al., 1995) . EMB-5 is a C. elegans protein that is quence searching methods (see Experimental Proceinvolved in the Lin-12/Notch signal transduction pathdures). Five new protein families containing S1 domains way (Hubbard et al., 1996) . The yeast homolog of EMB-5, were identified (see Figures 1 and 3) and are described Spt6p, has been shown to interact with histones and below.
control chromatin structure (Bortvin and Winston, 1996) . A yeast protein (S57596) of unknown function was
The presence of a nucleic acid-binding domain in these found to contain 12 copies of the S1 domain. Similar proteins would be consistent with their known function. proteins containing multiple S1 domains were found in C. elegans and humans. These proteins have several Implications differences compared to the bacterial S1 proteins. First,
We have shown that the S1 motif codes for a compact the largest bacterial S1 protein contains 6 copies of the domain that is present in many RNA-associated pro-S1 domain, whereas these contain between 9 and 12 teins. This domain is found either as a single copy or in domains. Second, whereas bacterial S1 proteins consist multiple copies and is particularly common in proteins entirely of repeats of the S1 motif, these three proteins involved in the initiation of translation and the turnover all contain a large non-S1 C-terminal domain. It is not of mRNA. The knowledge of its structure and its putative known whether S1-like proteins play a role in translation RNA-binding site provides a molecular insight into the in eukaryotes, and sequence searching has not yet idenmode of action of these proteins. The structure of the tified an S1-like protein in any eukaryote except human; S1 domain shows that it is probably related by divergent however, in that case, the protein binds to DNA in preferevolution to at least one more ribosomal protein (S17) ence to RNA in vitro, and its in vivo function is not clear and to idiosyncratic domains of several aminoacyl-tRNA (Eklund et al., 1995) . The protein family identified here synthetases, and that it is almost certainly related to the could be the eukaryotic equivalent of S1.
cold shock domain family. Since all of these domains are S1 domains were detected in two further RNase famifound in all living forms, this implies that they diverged in lies. S1 is found at the C terminus of RNase II (Zilhao the very remote past from an ancient nucleic acidet al., 1993) and in the N-terminal region of E. coli RNase binding domain. Even though they are structurally very E (Cormack et al., 1993) . RNase II is an exonuclease similar, the S1 and cold shock domains have diverged that together with PNPase is responsible for the 3Ј-to-5Ј so much in sequence that they fall into two quite distinct degradation of mRNA in E .coli (Nierlich and Murakawa, sequence families. This suggests that other related nu-1996). S1 is also found in VacB, a virulence factor that cleic acid-binding domains may exist that have diverged is a member of the RNase II family of proteins (Tobe et beyond the point where they can reliably be recognized al., 1992). RNase E is an endonuclease that processes by sequence comparison alone. rRNA. It is also important in the turnover of mRNA and is associated with PNPase in a multisubunit complex Experimental Procedures that degrades mRNA (Carpousis et al., 1994; Py et al., Production of PNP S1 Domain Samples 1994). RNase E also has a role in maintaining cell shape, A fragment corresponding to residues 617 to 700 of PNPase was and E. coli cytoplasmic filament protein is homologous amplified from E. coli chromosomal DNA using the primers 5ЈCGGG to the N-terminal region of RNase E that contains the ATCCGCAGAAATCGAAGTGGGCCGCGTCTAC 3Ј and 5ЈGGAATTC S1 domain (Okada et al., 1994) . There is currently much ATGCAGCAGGTTGAGACTGCTCAGTCG 3Ј. The fragment was diinterest in the mechanisms that control the decay of gested with the restriction enzymes BamH1 and EcoRI and was then ligated into pGEX 2T, a glutathione S transferase fusion protein bacterial mRNA (Cohen, 1995; Nierlich and Murakawa, vector. Cells containing this construct were grown in M9 media
Beattie, E., Tartaglia, J., and Paolettit, E. (1991) . Vaccinia virus encoded eIF-2a homolog abrogates the antiviral effect of interferon. containing appropriate isotopes as the carbon or nitrogen source. The S1 domain/glutathione S transferase fusion protein was purified Virol. 183, 419-422. by affinity chromatography using Glutathione Separose (PharBleasby, A.J., Akrigg, D., and Attwood, T.K. (1994) . OWL-a nonmacia). The S1 domain was cleaved from the carrier protein using redundant, composite protein sequence database. Nucleic Acids thrombin, and the carrier protein was removed by passage through
